Eclipsing binary systems with pulsating components offer a unique possibility to accurately measure the most important parameters of pulsating stars, to study their evolution, and to test the pulsation theory. I will show what we can learn about the pulsating stars from the analysis of such systems and how we can do it. Special attention will be paid to the mass, radius, p-factor, and distance determination. Although the core of the method is based on the observations of double-lined eclipsing spectroscopic binaries, with the help of the pulsation theory, it is possible to measure absolute parameters for single-lined binaries also.
Introduction
About 60% of Galactic Cepheids are suspected to be members of binary systems (Evans et al., 2015) . For them, the light of the companion adds to the observed Cepheid brightness, which may introduce systematic errors in the period-luminosity relations. It is also a problem for the parallax measurements (e.g. by the Gaia mission) -the orbital motion has to be taken into account to ensure proper distance determination.
The biggest issue is when the companion cannot be observed (e.g. Cepheids in non-eclipsing, single-lined binary systems), and only the negative effects of binarity are present. On the other hand, if a Cepheid in a detached, eclipsing, double-lined spectroscopic binary is observed, very precise physical parameters (like mass, radius, and luminosity) can be determined for the system components. Moreover, a distance measurement using almost purely geometrical methods is possible.
Unfortunately, for a long time no Cepheid was found in an eclipsing binary system. The breakthrough came from the microlensing surveys, MACHO (Alcock et al., 2002) and OGLE (Udalski et al., 2015) . More than ten candidates in the Small (SMC) and Large (LMC) Magellanic Clouds were proposed after the analysis of their light curves; however, spectroscopic confirmations were needed to remove all doubt. We have selected the most promising objects and observed them spectroscopically.
OGLE LMC-CEP-0227 was the first to be confirmed and analyzed (Pietrzyński et al., 2010) , followed by six other Cepheids for which the parameters were measured: OGLE LMC-CEP-1812 (Pietrzyński et al., 2011) , two Cepheids in OGLE LMC-CEP-1718 (Gieren et al., 2014) , OGLE LMC-CEP-2532 (Pilecki et al., 2015) , OGLE LMC562.05.9009 (Gieren et al., 2015) and OGLE LMC-T2CEP-098 (Pilecki et al., 2017b). OGLE LMC-CEP-0227 was later reanalyzed by Pilecki et al. (2013) using more data and a more advanced method.
Analysis
As mentioned above, for a Cepheid in a binary system the observed flux is contaminated with the light of the companion, and there is an additional orbital motion. The variability is more complex, which affects both light and radial velocity curves. These factors make the analysis much harder than for a normal eclipsing binary system, but compared with the analysis of a single Cepheid, it gives us a lot more information.
The classification of the Cepheid can be done regardless of its binarity as it depends mostly on the shape of the light curve for a given period and not as much on the amplitude. Nevertheless, the subtraction of the companion's light helps and is necessary for placing the Cepheid on its corresponding period-luminosity relation.
The study of the physical parameters starts with the analysis of radial velocity curves, which is much harder than for normal binary systems, as the movement of the photosphere is superimposed on the orbital motion. The observations are very challenging. Moreover, as all the candidates are located in the Magellanic Clouds, at least a 4-m class telescope is necessary to obtain good quality data.
Once about 20 spectra were collected, the pulsational and orbital motions can be disentangled. We do this using the RaveSpan software presented in Pilecki et al. (2017b) . One of the studied objects is shown in Fig. 1 . From the analysis of the separated orbital radial velocity curves, we can obtain a value of m i sin 3 i. For the majority of well-detached systems, it is a good approximation for the masses as sin 3 i is close to unity. Another important parameter is the system size (a sin i) which is later used to calculate the absolute radii. The pulsational RV curve is used in the modeling of the radius change.
The final modeling uses the orbital solution as a base for the light curve fitting. At this step, the most important information about the physical properties of Cepheids are obtained. The photometric data are analyzed using an eclipsing binary modeling tool based on JKTEBOP code (Southworth et al., 2004) with the inclusion of pulsation variability. We generate a two-dimensional light curve that consists of purely eclipsing light curves for different pulsating phases. From this twodimensional model, a one-dimensional light curve is calculated using a combination of pulsational and orbital phases calculated for each observation. As an example, a model for LMC-T2CEP-098 and its I-band light curve are shown in Fig. 2 . For more technical details on the modeling, please refer to Pilecki et al. (2013) . From this solution all the characteristics of the binary system and its components are obtained. For our study, the most important are the radii of the stars, the exact masses (we know the inclination at this point), and the individual magnitudes of the components (from the radii and the surface brightness ratio). If observations in more than one filter were analyzed, the colors can be calculated and the temperatures estimated. With these data, the luminosity can be also derived; thus, whenever corresponding data are available, we can obtain all the important physical properties of the Cepheid.
As for now, six systems have been analyzed yielding physical parameters for seven Cepheids. These observational measurements are very important for studying and validating the theoretical pulsational and evolutionary models. For example, our dynamical mass of the LMC-CEP-0227 (M cep = 4.16 ± 0.03 M ) showed that the pulsation theory predicts the masses correctly, while the evolution theory gives values about 10% higher (Bono et al., 2006; Keller, 2008) . Further studies showed, however, that the evolutionary theory also gives consistent results, if the extension of the convective core during the main sequence evolution (Cassisi & Salaris, 2011) , mass loss (Neilson et al., 2011) or rotation (Anderson et al., 2017) are taken into account.
One of the most important parameters we can derive from our models, apart from the masses, is the projection factor -a conversion factor between the observed radial velocities and the pulsational surface velocity (e.g. Nardetto et al., 2017) . The general concept is presented in Fig. 3 . From a practical point of view, it means that the measured velocities should be multiplied by some factor to obtain the true surface velocity.
In our method, the instantaneous radius of the star is a function of the p-factor, and the light curve shape depends on it. Depending on the p-factor, eclipses in the surf. velocity local RV line of sight Fig. 3: The integral over the star disk of the local radial velocities is observed, while for further calculations the surface pulsational velocity is necessary. The p-factor is a conversion factor between them.
model may start or end earlier or later, and the amplitude of light variation during the eclipses is also affected. For this reason the quality of our p-factor measurements depends strongly on the photometric coverage of the eclipse part of the light curve. Having as many orbital cycles as possible is also beneficial to mitigate the degeneracy between the parameters.
Up to now, we have measured direct, distance-independent p-factors for four Cepheids: for LMC-CEP-0227 p = 1.21 ± 0.05, for LMC-CEP-4506 p = 1.37 ± 0.09, and for LMC-T2CEP-098 p = 1.30 ± 0.05. We have also obtained a preliminary p-factor for LMC-CEP-1812 (Pilecki et al., 2017a) , yielding p = 1.26 ± 0.09. As the covered period range is short, we cannot exclude the period dependence, but the high scatter of our measurements suggest that other factors may have a bigger impact. For the moment, the anti-correlation with the mass is the clearest one with the higher mass stars having lower p-factors. Anti-correlation with the pulsational amplitude is also observed.
Distance determination
There are three distinct methods of distance determination we can use for eclipsing binary systems with Cepheid variables: two are based on pulsating stars, and one on eclipsing binary stars. The latter method, being almost purely geometrical, is known for its high precision and accuracy, and presents a great opportunity for comparison with other distance determination methods. The distance from the eclipsing binary method may serve to calibrate the zero-point of the period-luminosity (PL) relation and to estimate the p-factor value necessary for the Baade-Wesselink (BW) method. A comparison with the BW method is especially interesting, as we can also use the pfactor obtained from the light curve solution. A schematic picture of the calibration possibilities is shown in Fig. 4 . 
Single-lined systems
Many candidates for Cepheids in eclipsing binary systems appeared to be singlelined spectroscopic binaries (SB1). This is unfortunate as it gives us only the lower limit for the mass. However, this is true for normal eclipsing systems with stable components. Because of a quite tight relation between the period, mass, and radius for pulsating stars, once we have the period and some constraints for the mass and radius, we can estimate quite reliably all the physical parameters of the pulsating star.
We have done this kind of analysis for the LMC-T2CEP-098, a supposed type II Cepheid in a binary system, for which only the velocities of the pulsating star could be measured. After the subtraction of the pulsational variability, we obtained a relation between the mass of the Cepheid and the size of the orbit. Using the light curve model, this relation can be translated into possible pairs of masses and radii of the Cepheid. For every such pair, we can calculate the period using the pulsation theory and check for which parameters it matches the observed one. The whole procedure is described in Pilecki et al. (2017b) .
